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Using LDA+GTB multi-band approach, we studied the compression dependence of the electronic
structure and in-plane superexchange interaction J(P ) in the antiferromagnetic La214 at the 0%
and 3% - hydrostatic and unaxial (along c axial) compression. We obtained the superexchange
interaction J(P = 0) ≈ 0.15eV is enhanced by ∼ 20% under the 3% - hydrostatic compression
and vice versa the J(P ) is decreased slightly by ∼ 5,7% under the 3% - uniaxial compression.
In both cases the J(P ) correlates with the in-plane hopping parameters and dd-excitation energy
δs = ε(
3B1) − ε(A1) involving the the two-hole states: Zhang-Rice singlet and
3B1 triplet states.
The spectral density of the first removal states is a combined singlet-triplet character and a sign
of changes in the one with the pressure clearly reproduces the ~k-distribution of quasiparticle states
with a different a1- and b1-symmetry over the Brillouin zone as a whole.
PACS numbers: 75.30.Et 74.62.Fj 74.72.Cj
I. INTRODUCTION
A superexchange study in the high Tc cuprates is an
important part in the bosonic battle: 1–8 magnetic or
lattice - what are relevant to pairing? The studies of
the different pressure dependences of critical tempera-
ture TC(P ) observed universal trend: ∂TC/Pc < 0 and
∂TC/P > 0
9 for an anisotropic and isotropic pressures
respectively. A correlation between the Cu-Oap apical
bond distance and Tc in the cuprates has been found
by Jorgensen and co-workers.10 The Cu-Oap apical bond
distance increases with the c-axis length. The role of
the apical oxygen on the electronic properties has also
been addressed in several theoretical works 11–14 which
all find that Tc is highest for materials in which the api-
cal bond distance is large. The Y-123, where contrary to
the general trend for cuprates, Tc increased against the
contraction along all the crystal axes, is the exception.
Due to a presence of CuO chains its behavior is unusual,
and not representative of the cuprates as a whole.9
Recently, the time-frequency resolved spectroscopy15
has shown the dominant role of the non-redarding elec-
tronic mechanism of pairing in optimally doped Bi-
cuprate. The exchange magnetic interaction is one of
the candidates for electronic pairing. At the same time
the experimental studies 16–18 show increasing superex-
change ∂J/∂P > 0 under hydrostatic pressure P . How-
ever, we didn’t find any publication on the J dependence
on uniaxial pressure.
Our theoretical work will be devoted the issue that
could not be solved at low-energy limit: the superex-
change interaction and as an example its different pres-
sure dependences J(P ) in the undoped La214. This phe-
nomena cannot be understood relying only on the low-
energy approximation (in the framework of the three-
orbital pd-model).19,20 The value of superexchange inter-
action J in the La214 is controlled by a large number
of excited two hole states: NT triplets and NS singlets
including the Zhang-Rice state A1.
Essentially, there are two acceptable approaches to the
study of superexchange interaction. The first is the calcu-
lation with the intermediate two-hole states which arise
through hopping from oxygen to oxygen in the pertur-
bation theory of a higher order than a fourth.21 Another
approach is a cell perturbation theory taking into ac-
count all of the excited states. The latter seems more
appropriate,21–23 where, however, it is necessary to work
with a large number of excited states.24 Especially, if we
keep in mind that the energy gap in the La214 between
the A1 singlet and
3B1 triplet two-hole cell states involv-
ing Cu-dz2 and Oap-pz apical oxygen states can be quite
small.25–29
Using the LDA+GTB approach 30 which extends
the cell perturbation theory 22,23 to an arbitrary num-
ber of the excited cell states, we calculate the com-
pressure dependence of superexchange constant J(P )
in the orthorhombic La214, where unlike the pres-
sure dependencies of superexchange interaction in many
other conventional transition-metal oxide,31–34 the two-
magnon Raman scattering experiments show that J(P )
has a substantially weaker pressure dependence.16–18
Within the perturbation theory using the atomic or-
bitals representation,21,35,36 a superexchange interaction
is obtained at the fourth-order of a perturbation theory
and the weak-pressure dependence of J(P ) is clearly not
consistent with the pressure dependencies of the main
parameters of the pd-model: tpd ∼ a−α (2.5 . α .
3.0),37–40 ∆ ∼ a−β (β ≈ 0.4 ± 0.4).41 Comparison of
2the results at the the fourth-order with the calculations
in higher orders of perturbation theory 21 and the exact
diagonalization of finite clusters 12,21,42–44 shows that the
in-plane superexchange J depends on the tpd significantly
weaker and, because of the too large value of tpd/∆ in
the CuO2 layer, the fourth order may be insufficient.
We discuss the exchange constant J , and compare our
results with the conclusion from the neutron experiments
in undeformed La214,45 the experiments related to the
two-magnon Raman scattering in deformed materials 16
at the 0%, 3% hydrostatic and uniaxial (along c axis)
compressions.
One of the features of the study is that the exchange in-
teraction is derived from the original electronic structure
of material, and we can compare a compression effect on
the superexchange interaction with a same effect on the
electronic structure. All related changes in the electronic
structure of a material under pressure is also available to
study.
At a fixed energy of the incident photons a photocur-
rent I in the unpolarized ARPES experiments is propor-
tional to the partial contribution of the spectral density
from electron orbital λ:
I
(
~k,E, P
)
∼ I0
(
~k, P
)
fF (E)
∑
λ
A
λ
(
~k,E, P
)
, (1)
where A
λ
(
~k,E, P
)
, fF (E), I0
(
~k, P
)
are the partial
spectral density from the λ-orbital, the Fermi function
and the matrix element of the interaction of electron
with the incident photons respectively. Over a pres-
sure range where a crystal symmetry is unchanged, the
matrix element I0
(
~k, P
)
≈ I0
(
~k
)
, i.e. the relative
changes of the photocurrent δI(~k,E, P ) with a pres-
sure are caused by the changes in the spectral intensity
δAtot
(
~k,E, P
)
= A
tot
(
~k,E, P
)
− A
tot
(
~k,E
)
, where
Atot
(
~k,E, P
)
=
∑
λ
A
λ
(
~k,E, P
)
.
In this work, we study the compressure effects on the
Atot
(
~k,E, P
)
along with changes in the superexchange
interaction J(P ) in a framework of the five orbital model
where the orbital index λ corresponds either to the Cu3d
orbitals dx2−y2 and d3z2−r2 or to symmetrized combina-
tions of the O-2pσ atomic orbitals centered at the cop-
per site ~Rf : b, a orbitals (transforming like b1 and a1 ),
23
Oap-2pz. To specify partial contribution Ab1 =
∑
λ
A
λ
(P )
and Aa1 =
∑
λ′
Aλ′ (P ) to the Atot(~k,E, P )-total spectral
density of the first removal electron state (frs) in the
undoped antiferromagnetic La214, we also studied com-
pression dependence of the partial contributions. In line
with our results the spectral density from b1- and a1-
symmetry quasiparticle (qp -) states extends along the
edges of the AFM Brillouin zone and the near the ~k-
points: (0, 0), (π, π) respectively. The sign of the pres-
sure effects on the total spectral density δAtot
(
~k,E, P
)
provides a clear imprints of the b1- and a1- contributions
to the frs-state over the Brillouin zone as a whole.
We obtained that the superexchange constant in the
undeformed La214 is close to the experimental value
0.146 eV 45 and increases by ∼ 20% under 3%-
hydrostatic compression. At the same time, the superex-
change interaction is only slightly reduced by ∼ −5.7%
under the uniaxial compression. According to the avail-
able experimental results,16 the superexchange interac-
tion is increased by ∼ 18% at 3%-hydrostatic compres-
sion (P ∼ 205Kbar). In both cases, the hydrostatic and
anisotropic compression the J(P ) correlates with the en-
ergy δs = ε(
3B1) − ε(A1) of dd-excitation involving the
the two-hole states: Zhang-Rice state A1 and triplet
state 3B1. Showing with the Tc(P ) the similar trend:
∂J/∂P > 0 and
∂J/∂Pc < 0 the J(P ) dependence support
the magnetic view of a discussion on pairing mechanism
at least in the single layer cuprates.
We also carried out the GTB calculation of a hypo-
thetical case of the A1 ↔3 B1 two-hole state crossover.
Due to the orbital features of Zhang-Rice state the su-
perexchange keeps the antiferromagnetic character even
at such a hypothetical set of the parameters of Hamilto-
nian.
II. ALL VALENCE STATES IN MULTIBAND
pd-MODEL
In the multiband pd-model,46 a Hamiltonian includes
the local energies of holes for the oxygen and copper
at the different orbital states, the intraatomic Coulomb
and exchange interactions for copper and oxygen, hop-
pings, and the copper-oxygen Coulomb interaction. The
important difference with the low energy three orbital
pd-model19,20 is related to an addition of the z-oriented
dz2 orbital of copper and pz orbital of the apical oxigen
ions. In the framework of the local density approxima-
tion in combination with the generalized tight-binding
method (LDA+GTB), the Hamiltonian parameters are
calculated from first principles.47 Then, the cell approach
of the generalized tight-binding method 30,48 is used to
take into account strong electron correlations explicity. A
crystal lattice is divided into unit cells, so that the Hamil-
tonian is represented by H0 +H1, where the component
H0 is the sum of intracell terms and the component H1
takes into account the intercell hoppings and interactions.
The component H0 is exactly diagonalized. The exact
multielectron cell states |n, ν〉 and energies ξnθ are deter-
mined. Then these states are used to construct the Hub-
bard operators of the unit cell ~Rf : X
nθ,n′θ′
f = |nθ〉〈n′θ′|,
where θ = S(0),M(−1, 0,+1) for the singlet and triplet
states respectively, the index n is the sequence number of
doublet state in the one-hole sector nh = 1 and also sin-
glet, triplet states in the two-hole sector nh = 2 (Fig.1).
Thereafter, the component H1 is exactly written in the
X - operator representation and the intercell interactions
are included in terms of the perturbation theory. The
3procedure and results of calculations for the undeformed
CuO2 layer are described in our previous review paper.
30
In the X-operator representation the component H0 is
determined by the sum over the unit cells, that is
H0 =
∑
f
{
ε0X
00
f +
∑
lσ
(ǫl − µ)X lσ,lσf +
[
NS∑
n=1
(EnS − 2µ)XnS,nSf +
NT∑
m=1
∑
M
(EmM − 2µ)XmM,mMf
]}
, (2)
1=
h
n 2=
h
n0=hn
s
b1
s
a1
S1
S2
M1
M2
FIG. 1. Energy-level scheme of the Hilbert space of the CuO6
unit cell with the numbers of holes nh = 0, 1, and 2. The cross
indicates the occupied ground state |1bσ〉 of the configuration
d9p6 + d10p5 in the undoped case.
where ε0 is the energy of the ”vacuum” term d
10p6 in
the hole representation, ǫl is the energy of one-hole molec-
ular orbitals with the spin projections σ = ±1/2, and the
index l runs over all one-particle states of the CuO6 clus-
ter. The term in square brackets in (2) describes the
contributions from two-hole singlet states |n, S〉 and the
triplet states |m,M〉. The indices n(1 ≤ n ≤ NS) and
m(1 ≤ m ≤ NT ) numerate all two-hole spin singlets and
triplets respectively. A completeness of the set of local
Hubbard operators is represented by the sum:
X00f +
∑
lσ
X lσ,lσf +
∑
n
XnS,nSf +
∑
m
∑
M
XmM,mMf = 1.
(3)
The energy-level scheme of the many-electron terms of
the H0 for the La214 compound is depicted in Fig.1.
A creation of an electron at the bottom of the conduc-
tion band is determined by the matrix element γλσ (0) =
〈0| afλσ |bσ〉. A creation of the hole upon p-type doping
is determined by the matrix elements with the participa-
tion of all two-hole terms:
γλσ(n) = 〈bσ¯|afλσ|ns〉,
γλσ(m) = 〈bσ |afλσ|m,+2σ〉. (4)
In the X-operator representation, the hole annihilation
operator has the form
afλσ = γλσ(0)X
0,σ
f +
∑
n
γλσ(n)X
σ¯, ns
f
+
∑
m
γλσ(m)
(
Xσ, m2σf +
1√
2
X σ¯, m0f
)
. (5)
Forming the singlet and triplet Hubbard subbands
with a hybridization between them the two-hole states
with nonzero matrix elements (4) are involved to a for-
mation of the valence band energy structure. It should
be noted that the singlet (triplet) band is a conventional
name for designation of the electronic band with the
spin σ = 1/2 but with a participation of final singlet
(triplet) terms. A representation of the off-diagonal op-
erators X can be simplified by introducing the root vec-
tors ~αr(nθ, n
′θ′) corresponding to a pair of the initial and
final states. In this notation, the last relationship takes
the form afλσ =
∑
r γλσ(r)X
r
f where the integer index r
numbers all one-particle excitations:
{~αr} = {(0, lσ); (lσ, ns); (lσ,m2σ′); (lσ,m0)}. (6)
Moreover, in the same notation, the Hamiltonian of the
intercluster hopping has the simple form
H1=
∑
fg
∑
λλ′σ
tλλ
′
fg a
+
gλσagλ′σ + h.c.
=
∑
fg
∑
rr′
trr
′
fg
+
Xrf X
r′
g , (7)
where tλλ
′
fg is the matrix of hopping integrals of a hole
from the g-th cell (in the orbital state λ′) to the f -th cell
(in the orbital state λ) and
trr
′
fg =
∑
λλ′
∑
σ
tλλ
′
fg
× [γ∗λσ (r) γλ′σ (r′) + γ∗λ′σ (r) γλσ (r′)] . (8)
Since each index r characterizes the band of quasipar-
ticles in a strongly correlated system (the Hubbard band
index), the diagonal terms trr in the last expression de-
scribe the dispersion of the r-th band and the off-diagonal
terms trr
′
describe the hybridization of the r-th and r′-th
bands. The equations of motion for the Green’s function
can be solved within the different approximations. In the
diagram technique for X-operators49 with the intercell
hopping H1 as a pertubation the Hartree-Fock approxi-
mation results in the Hubbard-I type solution
4Drr
′
~k
= δrr′δfgD
(0)
r +D
(0)
r
∑
λλ′σ
∑
r′′
tλλ′
(
~k
)
{γ∗λσ (r) γλ′σ (r′′) + γ∗λ′σ (r) γλσ (r′′)}Dr
′′r′
~k
, (9)
where tλλ′
(
~k
)
=
∑
~h
tλλ′
(
~h
)
ei
~k~h. We can use the matrix
notation
Dˆ~k = Πˆ
−1
(
~k
)
Dˆ(0), (10)
where Πˆ
(
~k
)
= 1− Dˆ(0)tˆ
(
~k
)
and
Drr
′
0fg = δfgδrr′
F (r)
E − Ωr , (11)
F (r) =
〈
Xnθ,nθf +X
n′θ′,n′θ′
f
〉
and Ωr = Ω(~αr) = ξnθ −
ξn′θ′ . Thus the dispersion relations of the quasiparticles
are determined by an equation on the poles of matrix
Green function Dˆ~k :∥∥∥(E − Ωr) δrr′ − F (r) trr′ (~k)∥∥∥ = 0. (12)
Each r − th root vector defines the Fermi excitation in
multielectron system of the CuO2 layer - quasiparticle
with charge e, spin 1/2, and local energy Ωr. Table I
shows the values of hopping parameters and single elec-
tron energies for orthorhombic La214 obtained in the
frameworks of Wannier function projection procedure for
different sets of trial orbitals 47 at zero, 3% - hydrostatic
and uniaxial compressions. Despite the fact that the ta-
ble shows the same vector, a system of the connecting
vectors varies slightly with increasing compression, and
a volume of the unit cell under uniaxial compressure was
assumed a constant.
In the Russell-Saunders scheme all the possible solu-
tions Erkσ are classified according to spin σ of the quasi-
particle and the number of solutions is equal to twice the
number of root vectors r: 2N , where N = NS + 3NT .
Because of a spin degeneracy of the ground state of the
AFM in the single-hole sector, there is a symmetry in
the Erkσ with respect to the replacement σ ↔ σ. The
Er=0kσ-energy position of the qp-peak of the frs-state
corresponds to the solution with the lowest energy in a
hole representation. A spectral density of the qp-states
(amplitude of the qp-peak) in turn is determined by the
single-particle Green’s function
Atot
(
~k,E, P
)
=
(
− 1
π
)∑
λ,σ
γλσ (r) γ
∗
λσ (r
′) ImDrr
′
~k
.
(13)
According to the equations (12) and (13) the Atot(~k,E =
E0~kσ) - amplitude and E0kσ - energy position of a qp-
peak for the frs-state in the undeformed AFM La214
behaves as follows (Fig.2). The frs-state has a mixed
singlet-triplet character with the ~k-depending amplitude
of a qp-peak. The latter has a maximum value along
the antiferromagnetic Brillouin zone edges, because the
number of qp-states in the initial singlet and triplet bands
differs significantly. Under hydrostatic compressure the
frs-band width increases and amplitude of a qp-peak
near the ~k-points (0, 0) and (π, π) significantly attenu-
ated (see δAtot(P ) and δE0~kσ(P ) = E0~kσ(P ) − E0~kσ(0)
on Fig. 3,(a) and (b)). Under uniaxial compressure the
frs-band width decreases and amplitude of a qp-peak
near the ~k-points (0, 0) and (π, π) is increased. As conse-
quence, the total spectral density over the Brillouin zone
is leveled (Fig. 3, (c) and (d)). A significant contribution
of the a1-orbital group at the (0, 0) and (π, π) ~k-points
of Brillouin zone is a reason of this spectral intensity be-
havior.
III. EFFECTIVE SUPEREXCHANGE
HAMILTONIAN
The superexchange interaction appears at the second
order of the cell perturbation theory with respect to
hoppings.22 That corresponds to virtual excitations from
the occupied singlet and triplet bands through the in-
sulating gap to the conduction band at the root vector
r = 0, α0 = (0, σ) and back (Fig.4). These pertur-
bations are described by the off-diagonal elements t0rfg
with r ≥ 1 in expression (8). In the Hubbard model,
there is only one such element t01, which describes the
hoppings between the lower and upper Hubbard bands.
In our case, the set of nonzero matrix elements γλσ(r)
with r ≥ 1 determines the interband hoppings. In order
to eliminate them, we generalize the projection opera-
tor method proposed by Chao et al 50 to the Hubbard
model. Since the diagonal Hubbard operators are pro-
jection operators, the X-operator representation allows
us to construct this generalization. In our case the total
number of diagonal two-hole operators Xµµf is equal to
N and the sequence index µ (1 ≤ µ ≤ N) runs over all
the two-hole states.
By disregarding the exponentially low temperature oc-
cupation of excited one-hole terms in the absence of dop-
ing when none of the two-hole state is occupied, we can
retain only one lower one-hole state |1bσ〉 marked by the
cross in Fig.1. Further we will omit the index 1b in the
set of root vectors (6).
We choose a pair of neighboring cells (i, j) and con-
struct the set of projection operators pµ:
p0 =
(
X00i +
∑
σ
Xσσi
)(
X00j +
∑
σ
Xσσj
)
, (14)
pµ = X
µµ
i +X
µµ
j −Xµµi
∑
ν
Xννj . (15)
5(0,0)    
(pi,0)    (0,pi)    
1600
1800
2000
2200
2400
2600
(a)
 
k
x
ky
 
Am
pl
. o
f q
p−
pe
ak
 (a
rb.
un
it)
(0,0)    
(pi,0)    (0,pi)    
−1.5
−1
−0.5
0
(b) 
k
x
ky
 
qp
−d
isp
er
sio
n 
(eV
)
−1.2
−1
−0.8
−0.6
−0.4
−0.2
0
1800
2000
2200
2400
2600
FIG. 2. (a): ~k - dependencies of the qp-peak amplitude Atot(~k,E0~kσ) and (b): qp-peak position E0~kσ of the first removal
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It is easy to check that each operator pµ is a projection
operator p2µ = pµ, and these operators form a complete
system and are orthogonal, pµpν = δµνpµ,
N∑
µ=0
pµ = 1.
By using the identity
H =
∑
µν
pµHpν , (16)
we calculate the diagonal and off-diagonal matrix ele-
ments (16). The term p0Hp0 corresponds to the Hamil-
tonian component acting in the Hubbard band at the
60
W
S1
W
M1
W
nS
W
mM
W
FIG. 4. The virtual excitations from the occupied valence
band states into the empty conductivity band and back that
results in the superexchange interaction in La214. Solid line
corresponds to the antiferromagnetic contribution forming by
the singlet bands, and dotted line denotes the ferromagnetic
contribution of triplet bands
root vector α0 = (0, σ), etc. It is easy to show that the
equality ∑
µ
pµH0pµ = H0 (17)
is satisfied and that the diagonal elements pµH1pµ de-
scribe the hoppings in the band µ and the off-diagonal
elements pµH1pν correspond to the hybridization of the
bands µ and ν. We introduce the small parameter ε≪ 1
and Hamiltonian H˜(ε) as
H˜(ε) = H˜0 + εH˜1,
H˜0 =
∑
µ
pµHpµ, H˜1 =
∑
µν
pµHpν (18)
with the perturbation - interband part H˜1. We also per-
form the standard unitary transformation
H ′(ε) = e−iεSH˜(ε)eiεS (19)
to eliminate the linear (over ε) contributions to H˜1. If
the matrix Sˆ satisfies the equation
H˜1 + i
[
H˜0, S
]
−
= 0. (20)
The transformed Hamiltonian are given by
H ′(ε) = H˜0 + iε2
[
H˜1, S
]
−
/
2. (21)
In order to solve (20), we multiply each term by pµ from
the left and by pν from the right. As a result, we obtain
pµHpν(1− δµν) + i(pµHpµ)(pµSpν)
− i(pµSpν)(pνHpν) = 0. (22)
This equation coincides in form with the corresponding
equation in the work 50 and differs from it only in the
dimension of matrices. Therefore, our derivation of the
system of operators pµ in the multiband case is actually
a generalization of the method proposed in the work.50 It
follows from (22) that the diagonal matrix elements have
the form pµSpµ = ηpµ, where η is a constant. In order
to solve the equation with respect to the off-diagonal ele-
ments pµSpν, according to
50, we make the approximation
pµHpµ → εµ. As a result, the solution has the form
pµSpν = ipµHpν/∆µν , ∆µν = ξµ − ξν , (23)
where the ξµ is an energy of µ-th eigen state of the H0
(2). The effective Hamiltonian is represented as
H ′(ε = 1) =
∑
µ
pµHpµ +
1
2
∑
ν 6=µ
(pµHpνS − SpµHpν)
=
∑
µ
pµHpµ − 1
2
∑
µ6=ν


[pµHpν , pνHpµ]−
∆µν
+
∑
α6=µ
α6=ν
[
(pµHpν)(pνHpα)
∆να
− (pαHpµ)(pµHpν)
∆αµ
]
. (24)
The calculation of the terms in Hamiltonian (24) for the
singlet and triplet bands leads to different results. The
interband transitions through the gap are described by
the commutator
[p0Hpν , pνHp0]−. (25)
For the n-th singlet band at the root vector ~αν = (σ¯, nS),
commutator (25) is determined by the operators∑
fgij
∑
σσ′
[
Xσ0f X
−σ,ns
g , X
ns,−σ′
i X
0σ′
j
]
−
. (26)
The exchange contribution to the Heisenberg Hamilto-
nian has the form
HA =
∑
ij
JA
(
~Rij
) (
~si~sj − 14ninj
)
, (27)
7where ~s and ni are the spin operators for s = 1/2 and the number of particles at the i-th site, respectively, and
JA
(
~Rij
)
=
∑
n
J
(n)
A (
~Rij) =
Ns∑
n=1
∣∣∣t0,nsij ∣∣∣2
/
∆ns,
∆ns = Ens − 2ǫ1. (28)
For the m-th triplet band, commutator (25) is deter-
mined by the terms
[
Xσ;0f
(
Xσ;−m,2σg +
1√
2
X−σ;m,0g
)(
Xm,2σ
′;σ′
i +
1√
2
Xm,0;−σ
′
i
)
X0;σ
′
j
]
. (29)
The ferromagnetic exchange contribution to the Heisen-
berg Hamiltonian takes the form
HF =
∑
ij
JB
(
~Rij
) (
~si~sj +
3
4ninj
)
, (30)
where JB
(
~Rij
)
=
∑
m
J
(m)
B
(
~Rij
)
= −
NT∑
m=1
∣∣∣t0,mij ∣∣∣2
/
2∆m
and ∆m = Em − 2ǫ1. By summing up over all singlet
and triplet bands, we find the following expression for
the effective exchange interaction parameter:
Jij =
NS∑
n=1
∣∣∣t0,nsij ∣∣∣2
/
∆ns −
NT∑
m=1
∣∣∣t0,mij ∣∣∣2
/
2∆m. (31)
The origin of the antiferromagnetic contribution resulting
from the lowest Zhang-Rice and all excited singlet states
is the same as in Hubbard model, it is the superexchange.
High energy excited states gives less contribution to the
total exchange parameter due to the energy denominator.
Nevertheless the number of excited singlets in our five
orbital approach NS = 15 and triplet NT = 10.
IV. COMPRESSION DEPENDENCE OF THE
SUPEREXCHANGE INTERACTION
A penultimate line in Tab.I shows the superexchange
constant J(P ) calculated by the formula (31) at the five
orbital approch. The calculations show that the J(P )
increases by ∼ 20% under hydrostatic 3%-compression.
This result can be compared with experimental results 16
obtained for the La214. Under the hydrostatic 100Kbar
pressure the rCu−O reduces by ∼ -2%, while the J in-
creases by ∼ 10%. There are also studies where the lin-
ear dependence of the superexchange on the pressure was
observed up to a P = 410Kbar.17 According to the de-
pendence of the La214 crystal structure on the pressure
we can found the pressure P ∼ 205Kbar corresponds
to the 3%-deformed material.51 The J(P ) at this pres-
sure increases by ∼ 18%.17 The calculated value J ≈
0.15eV in the undeformed La214 exceeds the 0.1eV÷0.13
TABLE I. Single electron energies, hopping parameters, J(P )
and δ for orthorhombic La214 (all values except the connect-
ing vectors in eV ). Here x2, z2, px, py, pz denote Cu-dx2−y2 ,
Cu-d3z2−r2 , O-px, O-py, Oap-pz orbitals respectively.
Parameters Connecting 3%-compr. Undefor- 3%-hydro-
vectors along med static
c axis material compr.
εx2 -2.031 -1.849 -1.578
εx2 − εz2 0.119 0.225 0.204
εx2 − εpx 0.983 0.957 1.004
εx2 − εpy 0.983 0.957 1.004
εx2 − εpz -0.503 -0.173 -0.311
t(x2,x2) (-0.493,-0.5) -0.173 -0.188 -0.215
t(z2,z2) (-0.493,-0.5) 0.050 0.054 0.062
t(x2,px) (0.246,0.25,-0.02) 1.302 1.355 1.527
t(z2,px) (0.246,0.25,-0.02) -0.547 -0.556 -0.618
t(z2,pz) (0,0.04,0.445) 0.851 0.773 0.875
t(px,py) (0.493, 0.0) -0.854 -0.858 -0.935
t′(px,py) (0,0.5,0.041) 0.757 0.793 0.862
t(px,pz) (-0.246,-0.21,0.465) -0.447 -0.391 -0.423
t′(px,pz) (0.246,0.29,-0.425) -0.424 -0.377 -0.408
J(∆J%) 0.14(-5.7%) 0.15 0.18(19.9%)
δs 0.82 1.33 1.45
16,17 obtained in experiments on the two-magnon Ra-
man scattering, but the one agrees well with the J =
0.146eV from the neutron experiments.45 In contrast un-
der the uniaxial 3% compression along the c-axis J(Pc)
decreases by -5.7%, i.e. the superexchange constant
changes much weaker. In both cases, the hydrostatic
and anisotropic compression the superexchange constant
J(P ) correlates with the in-plane hopping paramemters
and dd-excitation energy δs = ε(
3B1) − ε(A1) involving
the the two-hole states: Zhang-Rice state A1 and triplet
state 3B1 (see Tab.I).
As shown on Fig.6 the antiferromagnetic character of
superexchange is maintained even at a hypothetical set
of Hamiltonian parameters corresponding the A1 ↔ 3B1
- singlet-triplet crossover.
V. CONCLUSIONS
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FIG. 5. (a) and (b): ~k - dependence of the sign(δAtot(P )) at
the 3% - hydrostatic and uniaxial compressions respectively.
Black area: (+), white: (-).
To sum up, using LDA+GTB approach we can de-
scribe the different compressure dependences J(P ) in the
undoped La214 and qp-spectra on the same footing.
It is to be stressed that a compressure dynamics of the
electron structure and superexchange interaction for the
La214 is quite different under the hydrostatic and uni-
axial (along c-axial) compressures. As shown on Fig.5
the ~k-depedence of the sign(δAtot)-function qualitatively
reproduces the distribution of a1- and b1-orbital groups
over the Brillouin zone. Thus the signs in the photocur-
rent changes are reversed at the different compressures.
Nonetheless the total photoemission from the frs-state:∫
∆Efrs
∫
Atot
(
~k,E, P
)
∂E∂~k integrated over the energy
window ∆Efrs ∼ 1eV slightly decreases by -1.7% and
-2.4% under the hydrostatic and uniaxial compressures
respectively. Eventually the total photoemission depends
on a width of energy window.
Thus even a simple hydrostatic effect on the electronic
structure of the anisotropic antiferromagnetic La214 can
provide us with useful information about a symmetry
of the electronic states. However, currently we do not
know anything about the possibilities of a photoemission
spectroscopy under a pressure.
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FIG. 6. A dependence of the superecxhange interaction Jeff
on the energy of dd-excitation δS at the Hamiltonian param-
eters corresponding to a crossover between the two-hole A1
singlet and 3B1 triplet states.
A comparison with results for the pressure dynamics
of Tc
9 near optimal hole doping reveals the universal
trend of superexchange J(P ) together with the Tc(P ):
∂J/∂P > 0 for isotropic pressure and
∂J/∂Pc < 0 for
anisotropic one. The last point is one more argument
to the discussion on a nature of the pairing mechanism.
At least at the optimal doping, we conclude that the
behavior J(P ) is representative of the magnetic pairing
interaction in the single CuO2 layer cuprates.
Calculated by the LDA+GTB method the superex-
change interaction J ≈ 0.15eV in the undeformed
La214 agrees well with the J = 0.146eV from neutron
experiments.45 The J(P ) increases by ∼ 20% under hy-
drostatic 3%-compression. In contrast decreasing by ∼
-5.7% the J changes much weaker under uniaxial 3% com-
pression along the c-axis. In both cases, the hydrostatic
and anisotropic compression the superexchange constant
J correlates with the in-plane hopping paramemters and
the dd-excitation energy δs. In fact, at the ∼ 205Kbar
hydrostatic pressure, the rCu−O reduces by the -3%,51
while the J increases by ∼ 18%.17
Due to the orbital features of the Zhang-Rice state
(the same orbitals give the largest contribution to this
state and pd-hopping) the superexchange J keeps the
antiferromagnetic character even at a hypothetical set of
Hamiltonian parameters corresponding a crossover of the
Zhang-Rice singlet and first excited triplet states (Fig.
6).
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